Assessing the risks of manufactured nanomaterials (MNM) has been almost exclusively focused on the pristine, as-produced materials with far fewer studies delving into more complex, real world scenarios. However, when considering a life-cycle perspective, it is clear that MNM released from commercial products during manufacturing, use and disposal are far more relevant both in terms of more realistic environmental fate and transport as well as environmental risk. The quantity in which the particles are released and their (altered) physical and chemical form should be identified and it is these metrics that should be used to assess the exposure and hazard the materials pose. The goal of this review is to (1) provide a rationale for using a life-cycle based approach when dealing with MNM transformations, (2) to elucidate the different chemical and physical forces which age and transform MNM and (3) assess the pros and cons of current analytical techniques as they pertain to the measurement of aged and transformed MNM in these complex release scenarios. Specifically, we will describe the possible transformations common MNM may undergo during the use or disposal of nano-products based on how these products will be used by the consumer by taking stock of the current nano-enabled products on the market. Understanding the impact of these transformations may help forecast the benefits and/or risks associated with the use of products containing MNM.
Introduction
The rapid advancement of nanotechnology has enormous potential for the development of new products and applications in a number of industrial and commercial sectors. Manufactured nanomaterials (MNM) may provide economical savings because less raw materials are used, functionality is increased and there may be reduced environmental pollution compared with traditional industries [1, 2] . However, there are concerns related to the increased use of MNM including, (1) that applications can lead to human and environmental exposures, (2) that their new properties and high mobility may have unknown longevity and consequences in environmental and human health and (3) the variety of contexts in which MNM are used can cause divergent particle transformations and a multitude of release scenarios, making risk assessment difficult.
The myriad of possible particle types and applications can lead to different physico-chemical changes over time [3] and there are still knowledge gaps in regard to the potential health and environmental effects posed by these aged and transformed versions of MNM [4] [5] [6] . In the context of assessing these potential risks, a life cycle approach (covering production, use and disposal of a chemical or product) can represent a more holistic view on the impacts of MNM [7] . Some considerations of the suitability of life cycle assessment (LCA) approaches for various MNM have been developed [8] [9] [10] with specific LCA analysis assessing MNM impacts either from cradle-to-gate [11] [12] [13] or from cradle-to-grave [14] [15] [16] [17] . Many nanotechnologies are considered as an enabling technology and a single MNM type may have multiple different applications (e.g. nanosilver is used as a medical coating but also in consumer products, washing machines etc [18] ), making one specific scenario from product use to environmental exposure impossible. Considering that the life cycles of many MNM are determined by their application within products, it becomes clear that relevant exposure scenarios and particle aging/transformations of the MNM are strongly dependent on the life cycle of the nanoenhanced products themselves.
To date, research concerning the general theme of MNM release and transformation has fallen into one of four categories: (1) transformation of an individual, specific MNM in the laboratory, (2) experimentation concerning MNM release during a given process (e.g. laundering fabrics or weathering of paint), (3) MNM transformation in a single environment (e.g. water treatment plants), or (4) models attempting to encompass the entire life cycle from information derived through categories 1-3 (i.e. cradle to grave). For the latter, it is necessary to distinguish release from MNM production, MNM incorporation into products, product use, recycling and/or disposal of nano-products. Factors such as MNM production and application are important to frame the potential breadth of exposure. MNM emission models, coupled with analytical studies, can point to more specific release scenario(s) for a given MNM/product pair. While in theory these case studies should be verified in 'real world' systems, in practice there are relatively few examples of pilot scale or full-scale environmental MNM release studies. Indeed such efforts are hampered by the enormous difficulties of detecting MNM in complex environmental matrices due to high detection limits and the difficulties associated with distinguishing between manufactured and ambient nanoparticles in many cases (e.g. silica, titania, carbon-based, nanoclays etc).
We consider the definition of life cycle in relation to nanomaterial release to mean the production/processing, use and disposal of MNM, which has more recently begun to be referred to as a 'value chain'. One purpose of adopting this view is to establish an understanding of changes in the nature of MNM as they undergo transformations within products and biological or environmental compartments across their life cycle and, critically, to feed this information into subsequent research endeavors across other sectors of MNM research, such as ensuring that relevantly aged and/or transformed MNM are tested for their biological/environmental role. Therefore, a major direct aim for those studying the impacts of MNM is to investigate and quantify the alteration and transformation of MNM in products during their use and release into the environment or effects on biota. Exposure to MNM in occupational, consumer or environmental settings may either be to the original, parent MNM, or to MNM that have been incorporated into products and then subsequently released, either in their original form or in an altered form due to industrial or natural processes.
In this work, key alteration and transformation processes that affect MNM during the different life cycle stages are reviewed. The focus is on processes that act on the product, cause MNM release and those that affect the released particles in various environmental compartments including wastewater treatment works, freshwaters and sediments. Fate processes that can act on MNM in products and after their release will also be considered. These include photochemical transformations, oxidation and reduction, dissolution, precipitation, adsorption and desorption (of natural organics to the nanomaterials and nanomaterials onto macroscopic surfaces), combustion, biotransformation, and abrasion among other biogeochemically relevant processes. Knowledge on a handful of these subjects is very limited and studies addressing them have only begun being published in the last few years. However, relevant transformation pathways should strongly inform subsequent experimental approaches and experimental design across researchers attempting to interpret the fate, transport and biological effects of MNM through their life cycle.
Definition of terms-release and transformation
MNM releases could occur at any point during the manufacturing, use or disposal of a nano-product. A release scenario is the operational and/or environmental conditions of any treatment or stress of a MNM or MNM composite material during all life-cycle phases that results in the release of MNM/composite material into indoor (e.g. workplace, dwelling) and/or environmental (e.g. air, water, soil, sediment) compartments [19] . Included in this definition is the set of parameters controlling the type, form and magnitude of MNM releases. A MNM could either undergo a transformation process while still functioning within the nano-product, after its release, or both. In this review we describe both transformations occurring within the matrix and after release.
Transformation is considered a change/alteration to either: (1) the primary particle, (2) the coating of the MNM, or (3) the conformation of a particle community (e.g. agglomerate formation or (de)agglomeration). In many instances, a particle may experience multiple transformation processes in sequence (e.g. surface oxidation followed by dissolution). General examples of chemical transformations include a change to the particle surface, change in the oxidation state, or formation of a core-shell particle by surface transformations. Physical transformation may include either a change to the aggregation or agglomeration prevention (e.g. stabilizing with natural organic matter in natural waters) or de-agglomeration of particles (e.g. surfactants dispersing agglomerates). Here, we consider the delineation between transformation and aging to be the fact that an aging process is a transformation over time. Timing is important to the transformation process: MNM may transform before they are released from the nano-product or after. Here, we review several possible MNM transformation processes that are prevalent and pertinent to understanding environmental fate of MNM.
Assessing the life cycle approach
Material flow modeling has aided in the assessment of the potential fate of many common MNMs (e.g. Ag, TiO 2 , ZnO, carbon nanotubes (CNTs), etc). Mass balance, multi-compartment models have provided increasingly comprehensive analysis to identify the key parameters of environmental release and exposure [20] . This life cycle approach to material flow modeling has been adopted by several groups who propose probable release concentrations of MNMs on either regional [21] [22] [23] or global [24] scales. Production amounts of MNMs have been estimated by both academic [25] [26] [27] and industry/market sources [28, 29] . However, the models that exist have several aspects of uncertainties deriving from a lack of well-defined data on production volumes to physicochemical changes in the MNM that influence fate. One of the dominant parameters of the material flow modeling approach -associated with the highest uncertainties-is the assessment of the mass of MNM that are produced and of the amounts that may be released during the manufacturing processes or directly from nano-products. Therefore, quantitative data on MNM emissions, both in terms of total mass and relative rate, during various stages of the life cycle (manufacturing, production, use, disposal) are needed to provide better primary data for material flow models.
One reason why quantitative data are difficult to obtain, or that even qualitative data is difficult to estimate, is because manufacturers do not necessarily report details or quantities of specific MNM used in products. MNM classes (such as silver, titanium dioxide, etc) are not uniform categories of substances but rather have multi-faceted properties that can dynamically change the materials' characteristics including size, purity, crystalline form, porosity and functionality. Indeed, many of the physico-chemical properties are in fact distributions even within a single batch of a MNM, such that each individual MNM may well be unique, while current measurement techniques, particularly those in routine use, can only provide an average description. For example, mean size and size distribution are commonly used but other characteristics such as surface charge, porosity etc are also distributions and not homogeneous across all particles. Additionally, MNM functionality can be modified continually, confounding predictions of how, when and what form particles will be in when released from a given product. While the manufacturing and production portions of the product life cycle will likely be in a controlled, industrial setting, the use and disposal of nanoproducts in the consumer realm is decidedly less predictable and includes more variables. Experimental laboratory release studies provide direct information aiming to measure releases of specific MNMs from various products. MNM release from textiles [30] [31] [32] [33] [34] [35] , paints and facades [36] [37] [38] , sunscreens and personal care products [39, 40] , polymers [41] , food packaging [38] and foodstuffs [42] and a multitude of other products [43] have all been investigated. As many MNM are destined to, at one time, flow through wastewater treatment facilities after nano-product use, the release of MNM from these plants has also been explored [44] [45] [46] [47] .
To date, the predominant focus of environmental health and safety research on MNM has lain in assessing the fate, transport and toxic properties of the pristine (i.e. as manufactured) materials, although it is increasingly understood that significant transformations occur even in the exposure media (e.g. cell culture media or OECD waters or soils) as a result of interactions with media components including salts, proteins or other available ionic species or macromolecules [48] [49] [50] . Because environmental systems are dynamic and the surfaces of MNM are highly reactive, physiochemical changes to engineered or incidental coatings and subsequent reactions in the environment will greatly complicate how the particle(s) behave. Additionally, when a nano-enhanced product is used, aging and transformation of the MNM is likely to occur and after these materials are released from a product, it is unlikely that they will behave the same as pristine particles in the environment. Furthermore, the same particle may have different transformation by-products depending on its intended use or purpose. For example, after textile washing, Ag MNM may alter in the tap water, in the wash water, or in the wastewater treatment plant transforming the pristine particle into Ag
, respectively, or resulting in re-precipitation of 'new' Ag nanoparticles which may have a different composition and interactions than the parent ones [54, 55] . Determining the possible transformation profiles of MNMs is therefore key to understanding their final fate.
This divergence of possible transformations for one MNM highlights the fact that, since MNM will readily be aged/transformed during a products life cycle, it would be prudent to also consider how these by-products differ from pristine MNM in terms of health and safety, in addition to fate and transport [56] . The current experimental regime in testing MNM transformations in the laboratory, technosphere (e.g. wastewater treatment, waste incineration, recycling systems), biosphere and environment is reviewed in figure 1 . Most experimental schemes focus on the use of pristine MNM ( figure 1(A) ) in a variety of conditions by directly studying MNM in a laboratory setting (thick black arrows), which can be considered mechanistic studies. Alternatively, aged particles (i.e. those that are stored or otherwise transformed by chemical or physical factors so that they no longer have the same characteristics of their pristine counterparts) or product released (i.e. particles released during product use) provide a more realistic basis for studying MNM in the environment. Less research has been focused on mimicking the product life cycle to understand how aged or product released particles (figure 1, panels (B) and (C)) will behave in the environment or the technosphere. This is in part due to the increased analytical challenges associated with increasingly complex systems. These difficulties in analysis also lead to fewer studies that use biologically or environmentally relevant concentrations of MNM [57] . To date, very few publications have focused on how aged or product released MNM will affect biological systems. Researchers need to move towards increasingly complex models of release and transformation, thereby more closely mimicking real-world conditions and thus allowing more critical (and appropriate) data to be used for modeling and/or risk assessment studies.
Understanding these transformations of pristine MNM is essential to correctly extrapolate the fate of particles during the use and disposal phases of a nano-products life cycle. By better understanding probable endpoints of aged materials, MNM fate can be better incorporated into the general structure of material flow modeling and risk assessment [58] . The interplay between particle composition, size, structure, surface modifications, surface chemistry, incorporation into the product (matrix) and the use or disposal route of the product may all affect the extent and type of transformations possible. As a starting point, we may opt to consider naturally occurring nanoparticulate (1-100 nm) and colloidal (1-1000 nm) substances as a proxy for the behavior of MNM in the environment, since these particles have been studied for decades [59] .
There have been several reviews in recent years describing the release and environmental transformation of MNMs in a broad scope. Mitrano et al investigated nanomaterial aging and transformations through the life cycle of nano-enhanced products, where the authors provided a holistic view on the impacts of MNM through the entire value chain from production, through use and finally to disposal [60] . Along the way, specific changes to particle characteristics and associated risks were highlighted for a vast array of product categories. Using hypothetical test cases, Nowack et al examined the likely fate of a wide range of MNM released from products [3] . There, the authors concluded that it is not possible to assess the environmental risks by only studying the pristine material and that alteration and transformation processes need to be considered when determining fate. Lowry et al outlined numerous environmental transformation processes and presented the idea that while the effects measured for pristine MNM may be representative of exposures occurring at manufacturing or processing sites, environmental exposures will consist solely of transformed MNM and so data related to pristine MNM may not be predictive of real-world scenarios [61] .
Focusing on the release solely from solid nanocomposites, Froggett et al compiled studies for a review finding that the most frequently identified particles from machining, weathering, washing contact and incineration were particles that consisted simply the matrix alone, followed by matrix particles which exhibited the nanomaterial partially or fully embedded [62] . Mackevica and Hansen also published a review on nanocomposites in solid materials, though while attempting to deliver a consumer exposure assessment according to the REACH requirements, few release studies presented results in compatible format [63] . Additionally, a comprehensive experimental campaign for a variety of materials was compiled by Wohlleben and Neubauer studying the release rates of nanomaterials from solids, where the authors enabled more realistic mass flow modeling by suggesting limits in which release rates of nanomaterials can be estimated from rates measured on the neat matrix [64] .
Airborne nanomaterial exposure, focusing on the workplace, was reviewed by Kuhlbusch et al [65] . Their . Fewer attempt to characterize aged particles (panel (B)) or those used in products (panel (C)) which would give a more holistic understanding of the transformations of MNM during product use and through the life cycle. Toxicity testing informs about the potential hazards of MNM, though again most studies opt to use the simplest routes instead of using aged and/or product released MNM that more closely resembles the life cycle of nano-products.
underlying conclusion was that the amount of MNM released correlated with the material itself in addition to the physical/ mechanical aging process used. For example, the release of individual MNM from the product line-up was rare, agglomerated nano-objects (> 300 nm) were regularly released during handling of dry nano-powders, but processes involving high energy input (e.g. sanding, drilling) did not release MNM from the matrix of coatings and composites. In these cases, MNM were released while still associated with the matrix or the physical process of sanding, etc itself created nano-sized particles of the material. Other MNM release and transformation reviews were material specific, such as the case with Ag MNM [66, 67] or CNTs [19, 68, 69] .
Data is frequently acquired from various release studies, but the results are not always easily compared to other studies due to different data collection techniques, physical measurements or reported metrics. Caballero-Guzman and Nowack collected data on the way release of nanomaterials from products is currently reported and analyzed if the format can be exploited by release models (for example, material flow analysis; MFA) [70] . Furthermore, the authors provided recommendations for the release assessments conducted in the laboratory to assist in defining transfer coefficients to contribute to the data quality provides for MFA models.
Description of transformation processes (chemical, physical and biologically mediated MNM transformations)
Environmental and biological systems are dynamic and variable; many physico-chemical changes will impact MNMs, their (incidental) surface coatings and reactions before and after release from consumer goods. Understanding the impact of these transformations may help forecast the benefits and/or risks associated with their use. Photochemical transformations, oxidation and reduction, dissolution, sulfidation, adsorption/desorption, agglomeration, biotransformation/ biodegradation, re-precipitation, macromolecule interactions, or combustion are all possible reactions, either to the MNM core or to the coatings, at some point during the MNM life cycle. These transformations can greatly impact MNM behavior. In some cases they could enhance potential toxicity if occurring within an organism/cell (e.g. Ag MNM releasing Ag + ions) or conversely may limit the MNM persistence in the environment (e.g. dissolution of ZnO MNM releasing Zn 2+ ions, which then disperse). In other cases the transformation can decrease reactivity and increase particle stability (e.g. adsorption of NOM onto MNM surface), and in others transform the MNM into a less hazardous form (e.g. insoluble Zn-phosphate from soluble ZnO). Here, we briefly review several chemical, physical, and biologically mediated transformations with representative examples of how this may impact MNMs during the product life cycle, as summarized in figure 2 . A number of different processes that affect MNM transformations throughout the product life cycle are discussed, including the factors governing MNM transformations, examples of the physical MNM changes taking place, potential rate determining steps and the results these transformations have on the MNM (summarized in table 1).
In relation to photo-chemical transformations, MNMs may be released or transformed from the product depending on incident light wavelength, the capacity of the light to penetrate the outer layers of the coating/product and the photosensitivity or photo-degradation potential of the MNM in question. Light may induce excitation of the MNM [71, 72] , generation of free radicals [73] and/or changes to the MNM surface (coating) [39] . Several MNMs, including TiO 2 and ZnO, are specifically used for their photo-catalytic ability. Because of their transparency to visible light and UV absorbent qualities, these MNMs have been incorporated into a variety of commercial products from paints, to solar panels, to self-cleaning materials [74] . They have also been used in sunscreens for many years as a UV blocker and thus are prime examples of MNM with potential for photo-chemical transformations.
Both oxidation and reduction are highly influenced by water chemistry and so release from nano-products may be dependent on how the product is used. Representative examples include the use of MNM in textiles, where the material is exposed to high levels of oxidants (cleaning solutions) [75] or in sunscreens where the MNM may have contact with pool water containing disinfectants [76] . In some cases, oxidation may form a relatively insoluble oxide surface coating on the MNM surface, which can hinder further oxidation. Alternatively, oxidation can be a prerequisite for dissolution, such as the case with Ag MNM where the oxidation of Ag(0) to Ag(I) causes subsequent Ag + release [77] . Concerning environmental systems, natural waters and aerated soils are primarily oxidizing zones whereas groundwater, wastewater and sediment could cause MNM reduction [61] . Cycling between different redox states could occur in more dynamic redox environments such as tidal zones or as water makes its way from a washing machine into a wastewater treatment plant. Photochemistry, essentially sunlight catalyzed redox reactions, can be an important process for (degrading) MNM coatings and contributes to the limited persistence of some MNM, resulting in variable toxicity. This is exemplified by the degradation of (some) Ag MNMs coatings, which induced aggregation and settling of the MNMs, thereby removing them from the water column [78] . Conversely, many particles are specifically used in applications for their photo-reactivity (e.g. TiO 2 , ZnO), which may produce reactive oxygen species (ROS), thereby increasing the potential for toxicity [79] .
Dissolution is the release of individual ions or molecules from MNM that are water-soluble. One prominent example of the importance of dissolution as a transformation pathway is highlighted with Ag MNM, where dissolution can influence MNM longevity and biological mode of action (i.e. antimicrobial properties and toxicity) [80] [81] [82] . Both thermodynamic calculations and kinetic measurements suggest that Ag MNM will not persist in realistic environmental compartments containing dissolved O 2 [66, 83, 84] . This sensitivity to oxygen results in the formation of partially oxidized Ag MNM with chemisorbed Ag + or soluble Ag + [85, 86] .
Dissolution has been shown to follow first-order kinetics under relatively short time periods (under 48 h) at low (<1 μg l −1 total Ag concentrations [87] . Preferential dissolution of smaller particle sizes has been suggested [88] , while others describe dissolution as nearly independent of particle size [89, 90] . The rate-determining step is the mass transfer of ions from the materials surface and/or matrix to the surrounding media. The released Ag + may rejoin existing MNM, form secondary precipitates and/or solution-phase complexes with other species [91, 92] , including interaction with dissolved organic carbon (DOC) [93] [94] [95] , a process which is described below. Importantly, water chemistry has been shown to significantly change the rate and extent of dissolution at expected environmental MNM concentrations [51] .
Another transformation possibility is adsorption of substances to the MNM surface via van der Waals attractions (physisorption), electrostatic interactions (ion exchange) or chemical bonding (chemisorption). After release from a nanoproduct, adsorption may have one of two opposing effects: agglomeration by bridging between the particles or full coverage of the particle surface. The latter possibility decreases the chance of further dissolution or chemical change and (generally) increases the steric stability of the MNM Figure 2 . Key MNM transformations including degradation and chemical transformation, changes to the particle surface and physical mechanisms acting on the MNM. Many transformations are not isolated events but rather interconnected steps in a series as an MNM ages through a product life cycle and after it is released. [97] and oxidation of DOC by H 2 O 2 , where DOC serves as a competitive sink for oxidants near the particle surface [98] .
Desorption will strongly affect the coatings of productweathered MNM, especially if the initial capping agent was only loosely bound to the MNM surface. Additionally, chelating agents could strip the particles of their manufactured surface functionality, leaving the particle surface bare and exposed. Modifying the ionic composition of the media, or changing the equilibrium of the system, could promote desorption of MNM coatings. This lack of data regarding stability and adhesion strength of MNM coatings, and their displacement potential under environmental conditions, has been recognized and highlighted as a major knowledge gap. However, studies that precisely investigate the role of specific coatings in MNM stability have been undertaken, for instance focusing on MNM interactions with natural organic matter when adsorbing the surface and the crucial role this plays in the particles behavior in aqueous systems [99] .
Combustion is a chemical reaction between a fuel and an oxidant and this process can oxidize elemental components of MNM surface (coatings) or the complete MNM in case of carbon-based MNM [100] or cause phase transformations of the MNM due to the elevated temperatures. Most MNM will undergo this process during the incineration of materials or waste [101] , especially in the EU where waste incineration is common. Another possibility is the use of MNM as additives in fuels, where the particles would be transformed during petrol use.
Biotransformation and/or biodegradation may affect all of the previously described transformations, save combustion. Rates and relative importance of this process will depend on the MNM/microbe interaction, enzymes or ingestion. Biologically mediated transformation of both the MNM core and particle coating is possible, affecting surface charge, aggregation and reactivity. Redox reactions are important biologically, and thus production of ROS, both intracellularly and extracellularly, is possible and an important consideration. Some bacteria have even demonstrated reduction of ionic Ag + to 'produce' Ag nanoparticles [98, 102] . Biotransformation of many MNM surfaces has been observed, ranging from oxidation of CNTs [103] , to degradation of organic or polymer coatings/capping agents [104] , to dissolution of the particle inside plant tissue [105] . These changes may ultimately change the stability of the MNM and/or its toxic potential.
Many MNM either utilize metals during catalysis as a part of production, or incorporate MNM into a larger structure or scaffolding that is a different composition from the primary MNM material. For example, Mo, Ni, Co, Y and Fe are typically utilized for the catalytic growth of CNTs [106, 107] . After synthesis the product is typically cleaned to remove these impurities, but residual metal catalysts often persists [108] . Likewise, the synthesis of TiO 2 MNM often involves surfactants or polymers to promote crystalline formation or control morphology [109, 110] , resulting in impurities (e.g. Si) in commercially available particles. Leaching of a secondary contaminant, such as catalytic precursors or other impurities, will have environmental and health consequences. Therefore, assessment of transformations of the primary particle should also include consideration of release of these impurities.
Re-precipitation is the process of dissolved ions forming nanoparticles, though notably, these would not be MNM. The formation of these naturally occurring nano-scale materials in the environment has recently received increased attention, as many physical, chemical and biological processes are capable of creating a range of MNM. Besides the biologically mediated formation of Ag NM mentioned previously, redox active NOM can drive the reduction of ionic Ag to form Ag nanoparticles. While this process has been shown to proceed in the dark [111, 112] , sunlight driven reduction of Ag and Au ions to Ag and Au MNM in natural waters was much faster [113] . For example, Hou et al recently demonstrated the (simulated) sunlight driven formation and transformation of Ag nanomaterials in river water and synthetic natural water samples containing NOM and Ag ions [114] . Additionally, this process may happen in laundry wash water, where after Ag MNM imbedded in textiles dissolve, the ions could be precipitated from solution due to surfactants and detergents [33, 75] . Humidity-dependent formation of new Ag NM has also been observed by formation of new daughter particles from a larger Ag particle or object after Ag ion diffusion across a surface [55] . Dissolution of ZnO MNM and re-precipitation of Zn carbonates or phosphates in natural waters is also plausible.
In addition to the chemical transformations listed above, physical transformations of MNM or the matrix the MNM are embedded in can also be considered, including forces such as abrasion and mechanical erosion. Specific to CNTs, breaking and/or shortening of the tubes may be a possibility. Other examples include polymers, which often need to undergo several finishing steps to go from mold to final product. Either high-energy mechanical processes (e.g. sanding, cutting, drilling [115] [116] [117] ) or a gentler, long-term abrasion (e.g. product use [118, 119] ) could result in nano-object release from the material. While some studies have investigated this aspect of physical weathering, a wider range of polymers and products needs to be tested and detailed consideration of adhesion strength to the NM surface and hardness of the matrix is needed, before a generic conclusion can be made [120] .
Agglomeration is a specific physical transformation process that increases the overall size of particle complexes and reduces the surface area to volume ratio compared to the initial dispersed primary particles; thus affecting the reactivity of the MNM. As described by Buffle et al, factors influencing agglomeration can be understood in aquatic systems by considering the roles of three types of colloids: (i) compact inorganic colloids; (ii) large, rigid biopolymers; and (iii) fulvic compounds or refractory organic matter, each having a different stabilizing/destabilizing effect [121] . Agglomeration can take one of two forms: homoagglomeration (interactions between MNM) and heteroagglomeration (interaction between MNM and other particles in the environment). Because MNM will be in dilute concentrations in the majority of environmental systems, homoagglomeration is unlikely and heteroagglomeration will dominate. Quik et al suggested that the main route of the removal of most MNM from the water column is likely to be agglomeration, followed by sedimentation [122] . In lieu of complex experiments to understand this process, simplification of agglomeration processes through modeling may prove useful [123] . However, agglomeration and deposition behavior relies on a myriad of physicochemical interactions between the particles and water chemistry and challenges still remain in quantifying the transport of MNM and nano-agglomerates [124] .
Importance of relating transformations of MNM to their incorporation into nano-enhanced products
Specific applications will ultimately determine the type and extent of transformations a given MNM may undergo. More pointedly, the possible particle transformations based on how MNM will be implemented into products, how those products will be used and what use or environmental stresses the product is likely to encounter will all affect the ultimate fate of a given MNM. In general terms, MNM will be transformed over time in products by interacting with the matrix material, by degradation or change to unstable coatings or other aging processes and ultimately be released from the product as a different MNM than was manufactured [125] . The release of MNM may occur along any stage of a product life cycle, which will be controlled by both the product design and external impacts [69] . Based on these specific applications on MNMs, we were able to narrow the number of likely MNM exposures. [126] . These materials were selected because either they are currently used in large quantities (TiO 2 , ZnO), are used in a large number of products (Ag), or because a relatively large amount of information is available about their properties (CNT). Possible aging and transformation forces associated with each product sector are identified on the outmost ring of the diagram [60] .
Material based distribution of MNM incorporation into various product sectors are shown in figure 3 , where the total amount of each MNM considered (Ag, TiO 2 , ZnO, CNT) is individually allocated across several product sectors. Important aging and transformation forces associated with each product sector are identified on the outmost ring of the diagram. While there is a potential for these processes to affect each of the MNM in the product category based on the life cycle of the item in question, the chemistry of the MNM will ultimately dictate the transformations that are possible. For example, while Ag, TiO 2 and ZnO all feature as important additives to cosmetics/sunscreens and be subject to possible transformations via UV irradiation, only Ag and ZnO would additionally have the potential for dissolution during the life cycle of this application. Applications were considered in this graphic if they made up 5% or more of the market share value for nano-enhanced products containing Ag, TiO 2 , ZnO, or CNT, as determined by a recent life-cycle based material flow modeling study [126] . We acknowledge that many applications can bridge two (or more) of the market category divisions, for example edible coatings to prevent food spoilage could be included in either the 'food' category or the 'coatings' category.
Previously we have compiled a comprehensive review of the possible aging and transformation reactions to a number of nano-enhanced product sectors [60] . In the context of assessing potential risks of MNM, life cycle thinking can represent a holistic view on the impacts of MNM though the entire value chain of nano-enabled products from production, through use and finally to disposal. Within each product category, transformation processes vary depending on the specific MNM inclusion and the life cycle (or stage of the life cycle) at hand. Naturally, both chemical and physical changes to the MNM will hinge on these external factors where possible implications of the aging transformations on future fate and toxicity can vary depending on the aging paradigm.
Tiered MNM product release studies
During product use, both environmental and human activities can stress a nano-product resulting in MNM releases. Generally, use of a given product will have two areas of impact: first during consumer exposure through product interaction and, subsequently, environmental exposure with product use or disposal. Sometimes these two phases will be distinct (e.g. user exposed to Ag MNM in textile through wearing, subsequent environmental exposure after washing) and at other times they may be concurrent (e.g. user applying sunscreen and swimming in a pool).
There are different levels of complexity that MNM release and transformation studies can be performed at ( figure 4) . The simplest of these are batch tests, which typically use pristine or at least standardized test materials. These tests generally have a narrow focus that allow control over the physical and chemical conditions and are therefore suitable to investigate the mechanisms of particle transformations, aging, or release by changing one variable at a time. Because at this level tests are relatively fast and simple, many individual tests can be performed. However, they have limited relevance to real-world systems because in those systems MNM would be exposed to a more dynamic environment. The second level of complexity contains studies that mimic the real world but are performed under controlled conditions. Here, more variables are included in these model studies (e.g. climate chamber, test washing) but fewer fine details can be understood. While fewer, more complex experiments can be performed at this level, by considering multiple environmental or system components together one can understand trends and gain broader understanding of MNM behavior. At this level, some combined process could be investigated, such as aqueous suspension of MNM with UV irradiation, since multiple processes will usually act on the particles at the same time in a 'real world scenario', thus affecting the MNM transformation by-products. Although these studies are not directly transferable to the real world they can provide a better estimate of the magnitude of MNM release or narrow the possibilities of transformation products. The highest level of complexity comes from the normal use of nano-products or long-term environmental investigations. These experiments are complex and relate to specific release and exposure scenarios where one can derive risk assessment from MNM use (e.g. household washing machine, outdoor weathering, mesocosms). In these instances, there is very little control of the experimental variables, the mechanistic details of the process are lost, but one gains system understanding. However, when data is obtained in these real-world studies it can be directly used for release and exposure scenarios [70] . These types of studies are of the highest relevance because they include the normal use of products and would be most beneficial for modeling and/or risk assessment work in order to confirm expected or calculated MNM releases and transformations.
Furthermore, across all tiers of testing, MNM concentrations used in many laboratory studies are often significantly higher than predicted environmental concentrations, mainly due to the limited sensitivity of the detection and quantification methods available. This can lead to quite different behavior of the MNM in the test system. An issue with conducting experiments at MNM concentrations orders of magnitude higher than measured or expected environmental concentrations is that there is little known about the linear upscaling/downscaling of MNM fate and behavior due to their tendency to interact with each other and with the matrix [124] . This hampers the ability to directly apply laboratory results to a larger scale. Specific trace analytical methods are needed to detect and measure MNM under these real-world conditions in tandem with health and environmental safety scenarios. Fortunately, a few trace analytical methods have proven useful in model systems and are primed to be used in real-world studies.
Quantitative analytical approaches for (aged) MNM detection
Qualitative and quantitative identification of MNM is complex, as these materials have very low mass, can be highly dynamic in terms of particle agglomeration or reactivity, coexist with ambient particles in the same size range (i.e. natural analogs) and also often coincide with molecules or macro sized counterparts of the same chemical composition. When considering aging of MNM, changes to the particle surface may also be important to measure. Furthermore, differentiation between incidental NM and engineered NM is relevant when evaluating the potential effects of the latter material [127] . For instance, the behavior of engineered nano-TiO 2 in paints needs to be compared to the properties of (traditional) pigment TiO 2 in paints [128] .
Previously, to perform a proactive risk analysis, the only way to obtain information on the MNM in various environmental spheres was through models that predicted environmental concentrations [127] . However, analytical methods are approaching an appropriate level of maturity to begin more rigorous, realistic MNM release/transformation scenarios in the lab (i.e. at an appropriate concentration and in increasingly complex matrices). MNM released from products may occur as: (1) free MNM, (2) MNM aggregates/agglomerates, (3) particles embedded in the matrix, where the particles may or may not be released from the matrix, or (4) dissolved ions [62] . In the simplest analytical cases, no 'nano-specific' qualities are determined when performing an analysis of MNM release from products or in environmental or toxicological studies, such as simply measuring total metal concentration. All comprehensive MNM release studies should implement multiple characterization techniques, but often only a fragment of data is obtained because of difficulties with analysis. It is evident that characterization of the particles is highly relevant: especially size, surface coating (both as manufactured and environmental or biological materials adhered to the surface through aging), aggregation, concentration (of both the MNM and associated dissolved counterparts, where applicable) and mobility within the matrix are needed as a minimum. Among the main challenges with moving towards increasingly complex experimental Figure 4 . Levels of MNM testing complexity. Many individual tests that aim to understand particle stability, complexation, transformations and/or toxicity (green circles) are performed to understand mechanistic changes to individual particles. Some of these tests are preserved in model studies (blue rectangles) but some details are lost due to the increasingly complex nature of the tests. Real world studies (peach rectangles) retain some of the information from the two lower tiers of tests but largely gain a broader understanding of MNM fate and transport while loosing control over mechanistic details. regimes is that in these real-world studies, researchers have very little control over conditions and (nano-specific) trace analytical methods need to be implemented. By using such nano-specific techniques, researchers could report important MNM characteristics (size, concentration and surface coating) in addition to traditional key environmental/test conditions such as full water chemistry characterization.
Nanomaterial characterization is accomplished using a variety of different techniques drawn from interdisciplinary research areas. Some examples of relevant techniques for realworld studies include single particle inductively coupled plasma mass spectrometry (spICP-MS), chromatography like techniques coupled with element specific detectors (for example: asymmetrical flow field flow fractionation (AF4)-ICP-MS, among others), nanoparticle tracking analysis, electron microscopy, energy-dispersive x-ray spectroscopy (EDX) and small-angle x-ray scattering (SAXS). These techniques are compared in table 2 to highlight the possibility of MNM metrics measured (including specifics for determining how a particle has aged or transformed), basic sample preparation considerations, analytical benefits and limitations as well as best suited MNM for each technique. In contrast to bulk analysis, or to particle specific techniques which would be inappropriate for the low MNM concentrations expected in biological and environmental samples, the techniques reviewed here are capable of identifying nano-specific information and can assist in understanding which aspects of MNM are aged or transformed during the product life cycle and/or after release from a product.
Very low particle concentration detection limits make spICP-MS uniquely well suited for studies involving release of metal-containing MNM from products and in environmental and biological samples [129] . Moreover, spICP-MS is the only method that can count, size and chemically identify individual MNM in aqueous dispersions [130, 131] . However, using the most commonly available ICP-MS instrumentation, such as quadrupole ICP-MS variants, only one element can be measured at a time and thus the method is unable to identify complexes (e.g. Ag/S). However, advancement to ICP-MS technology has recently been underway resulting in (1) dual element spICP-MS [132] , which can associate multiple metals to one particle by employing microsecond dwell times but still using a quadrupole ICP-MS and (2) a ICP-TOF-MS instrument [133] , which is capable of simultaneously measuring multiple elements at once (i.e. in this instance associated with one particle). These options make the spICP-MS an even more attractive option to study a more diverse range of particle compositions in the future. In relation to determining the aging profiles of MNM, spICP-MS can detect changes in particle size over time, thus providing dissolution rates in various environmental media [51] or the extent of particle size change after a specific process, e.g. particle size change upon release from a product [34, 75] .
Separation techniques, such as AF4, have a higher detection limit than spICP-MS (in the μg l -1 range), but useful information about particle size distribution, complexation and core/shell structures of specific size fractions of a sample can be obtained because of the ability to couple the instrument with ICP-MS [134] [135] [136] . After aging of MNM, differences in particle coating can be noted by the increase of hydrodynamic diameter, indicated by longer retention times in the AF4 channel. Other notable separation techniques which can be hyphenated to an element specific detector making them suitable for nanoparticle analysis in complex environmental experiments include: size exclusion chromatography (SEC) and differential centrifugal sedimentation (DSC). SEC-ICP-MS has been successfully applied to separate metal ions from small sized NM (e.g. < 5 nm) [137] . Moreover, speciation analysis of metal oxide nanoparticles and M n+ in complex matrices has been achieved, which is of particular interest since the main challenge in SEC separation of metal oxide nanoparticles is their sensitivity to organic ligands in the mobile phase, but this mobile phase is necessary to elute M n+ [138] . DSC-ICP-MS can separate polydisperse samples quickly and has been shown to have better size resolution than many of the other nano-specific analysis (e.g. spICP-MS and NTA) [131] .
Transmission electron microscopy (TEM) or scanning electron microscopy (SEM) are also used frequently in the study of MNM, though the technique requires a rather high particle number, is costly, samples are susceptible to change depending on TEM grid preparation and may not be best suited to environmental samples where extraneous material could obscure particle detection. Improvement in sample preparation has immensely improved the imaging of MNM in complex media, such as centrifuging a dilute solution of MNM directly onto a TEM grid to (1) increase particle number on the grid, (2) minimize less dense material accruing on the grid and (3) avoid sample drying effects [75] . This concept has recently been validated in a fully quantitative way that overcomes conventional sample preparation shortcomings and enables the use of TEM for measurement of particle number concentrations, even in complex media and at low (environmentally relevant) concentrations [139] . Another method of sample visualization, nanoparticle tracking analysis (NTA), allows the user to determine the particle size, size distribution and particle concentration with little sample preparation. Aging of MNM can be evidenced using this technique by, for example, following aggregation over time.
In combination with electron microscopy, sensitive x-ray based techniques such EDX can identify changes in particle speciation on an individual basis and thus transformation of the MNM core or coating may be characterized. However, because each particle must be analyzed individually, only a small sample number is obtained. Nevertheless, coupled with TEM/SEM, EDX is a common technique that can give a good indication of chemical changes to MNM as they age after release from a product. SAXS, along with the associated technique wide angle x-ray scattering (WAXS), has recently begun to be used for nano-specific analysis [140] . A wide range of information can be garnered including particle size and shape, surface-to-volume ratio, structural organization (i.e. crystalline assembly) and core/shell structures when particles are of uniform size. The variety of suitable matrices which can be analyzed (solids, or liquids, containing particles of solid, liquid or gas) also makes this an attractive technique for many researchers to take advantage of. With fast time resolution and several multimodal measurements providing complementary information (e.g. couple with UV-vis, XAS, WAXS, Raman, mass spectroscopy, IR), the technique proves very versatile. In terms of studying the aging of MNM, because of the flexibility of the SAXS measurements the particles could be measured in/on the product in addition to after release. Changes in size shape or structure can all be noted over the aging process. There are several other techniques that are often used to study MNM, but they may be more suited to a laboratory setting rather than detecting particle transformations in actual environmental or biological samples after they are released from products. UV-vis or dynamic light scattering are often employed for basic particle characterization, but these techniques only measure a large number or particles in bulk, with very little resolution in terms of particle size and surface charge and so have limited applicability to understand the transformations of particles over time. Nor can they be particularly useful in environmental or biological studies because the relevant concentrations of MNM are too low for these insensitive techniques and one can not differentiate between incidental particles and MNM in the nano-range. Furthermore, these techniques are ill suited to polydisperse systems or systems containing aggregates, even in laboratory samples. Atomic force microscopy and Fourier transform infrared spectroscopy both are used to analyze the particles' surface characteristics, but this is best done with raw MNM samples opposed to complex matrices.
It is notable that the measurement techniques reviewed in table 2 are those that are applicable to characterize and measure MNM that have already been released from the product. However, considering MNM may be aged and transformed while still adhered to or imbedded in the product, additional analytical techniques would be needed to investigate this important and relevant fraction. For a complete and comprehensive understanding of the entire system both fractions should be fully investigated because MNM characteristics can differ depending if they are still associated with the product or have been released into environmental or technical compartments [34] .
The information presented in this section is meant as a brief overview of current analytical techniques, specifically dedicated to how some nano-specific techniques can capture the aging and transformation of particles. For further reading on the benefits and limitations on a wider range of techniques, we refer to a recent review by von der Kammer et al which delves into a number of these techniques, and others, in more detail [141] . Additional information from Babick et al on the suitability of a wide variety of characterization techniques, applied to the same set of welldefined control materials under harmonized conditions, has been evaluated with recommendations on the most appropriate and efficient use of these techniques for different sample types [142] .
Concluding remarks
Transformation and release of MNM from products is highly dependent on (1) how the MNM is incorporated into the product (e.g. imbedded in a solid matrix, surface coating or in a suspension), (2) strategic MNM characteristics implemented for better functionality and/or retention in the product (e.g. safety by design) and (3) the product life cycle and external factors of how the product is used. Unlike dissolved metals or organic chemicals, where a mass per volume metric had been sufficient under most circumstances to approximate risk [143] , no single metric is available (or has proven useful) to characterize exposure and risk assessment for MNM due to their enormous variability and diversity [143] [144] [145] [146] . Particle characteristics that are most important to exposure (and risk) still need to be identified. Particle number (and if it changes over time), size (distribution), total metal and particle concentration, the speciation of the various components, surface area, surface functionality/ coating, being coated or complexed to natural particles/ microbes/biofilms, stability (change in size e.g. dissolution or agglomeration) and impurities in the MNM matrix that could be released may all potentially be important. Small changes in these factors can affect the propensity for MNM to be released from products and their behavior and fate following release. Transformations associated with the aging of particles released from products under various technical and environmental circumstances need to be considered and measured to best evaluate 'real world' scenarios of how MNM will behave in environmental and biological systems. This practice should also be taken up when investigating laboratory scale (batch tests, mechanistic studies) and pilot scale studies as well as understanding the aged state of MNM in real world environmental and biological systems.
The prioritization of which transformation(s) are most important depends on the question that needs to be answered. These will be different if the prioritization is based on:
• One selected MNM (e.g. 'What is the most important transformation for nano-Ag?'), • One product type (e.g. 'What is the most important transformation for particles suspended in sunscreens ?'), • Environmental fate and effects (e.g. 'What is the most important transformation reaction affecting the environmental behavior of a specific MNM?'), • Total mass flows of all MNM (e.g. 'What are the mass flows of pristine and transformed MNM that enter a given environment?').
For different stress situations (mechanical, thermal, chemical) important processes should be identified either for product groups (i.e. textiles, paints, etc) and/or MNM groups (i.e. chemical makeup) and standardized release risk assessment protocols implemented for defined conditions. As a start, existing standardized procedures for other purposes could be modified to approximate the risk of MNMs from similar conditions, such as using ISO standard tests modified to study MNM release or standardized aging protocols. Based on the typical life cycle of consumer products, the importance of real world MNM release scenarios most accurately describe MNM transformations and thus are key to properly assessing risk associated with nano-enhanced products.
